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Abstract 



We present a program to measure the parton densities in the pomeron 
using diffractive deep inelastic scattering and diffractive photoproduction, and 
to test the resuhing parton densities by applying them to other processes such 
as the diffractive production of jets in hadron-hadron collisions. Since QCD 
factorization has been predicted not to apply to hard diffractive scattering, 
this program of fitting and using parton densities might be expected to fail. Its 
success or failure will provide useful information on the space-time structure 
of the pomeron. 
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I. INTRODUCTION 



A spectacular effect in very high energy hadron coUisions is that of diffraction, wherein a 
hadron can scatter and emerge unscathed, with only a small deflection and loss in longitudi- 
nal momentum. The rest of the final state continues to exhibit the usual fragility of hadrons 
in a collision where the total energy is far greater than all intrinsic hadronic energy scales. 
There is an old and established quantitative phenomenology that describes diffraction and 
the bulk of the cross section. This is the theory of Reggeons and the pomeron Unfor- 
tunately the understanding of the pomeron in terms of the fundamental theory of QCD is 
weak. 

With the advent of high energy colliders, and detectors with a wide rapidity coverage, 
it is now possible to study diffractive collisions that contain a hard scattering. Such 'hard 
diffractive scattering' provides a tool whereby we can achieve a better understanding of the 
pomeron at the fundamental level. 

In the model of Ingelman and Schlein [0, hard diffraction is treated by considering 
the exchanged pomeron as an almost real particle. This is entirely similar in spirit to 
the way low electroproduction is used as a way of obtaining collisions with almost real 
photons. However, Collins, Frankfurt and Strikman (CFS) have questioned the validity 
of QCD factorization in this case, and have given a specific mechanism for the breakdown 
of factorization. Their mechanism, 'coherent hard diffraction', has the signature that there 
will be events where the hard scattering takes almost all the momentum of the pomeron. 
Recent UA8 data appear to possess this property. On the theoretical side. Levin and 
collaborators have also verified that QCD predicts that factorization should not apply 
to hard diffraction with two incoming hadrons, and a calculation by Berera and Soper |Q] 
comes to the same conclusion as CFS. 

We therefore propose a program to measure the parton densities in a pomeron. Because 
the pomeron is an isosinglet and is self-charge-conjugate, the number of independent distri- 
butions to be measured is much smaller than for the proton. We will show that the program 
can therefore be carried out with existing detectors. Two processes suffice to fix the parton 
densities, and a third process will serve to test factorization. See also a recent paper by 
Ingelman [^]. Many of the individual points in this paper are already known to experts in 
the field [0. Here we are showing the need for a coordinated program of measurements 
involving different experiments. 

If the UA8 results are indeed evidence of the CFS mechanism there will be a 
quite spectacular failure of the program of fitting parton densities. As CFS show, this is a 
consequence of a failure of the applicability of the factorization theorem, which is in turn 
a direct consequence of the space-time structure of the pomeron. Therefore, the success 
or failure of the fitting will rather directly fulfill the promise of hard scattering to turn a 
microscope onto the strong interaction. 

Although the measurement of classical diffraction requires "Roman Pot" detectors in 
the beam pipe, we will show that a substantial and interesting part of our program can be 
carried out without them. One can instead use a rapidity gap signature, thanks to the large 
rapidity coverage of current detectors (CDF and DO at the Fermilab pp collider, HI and 
ZEUS at the DESY e~p collider). Indeed, ZEUS has already reported data [0] on events 
with hard scattering in conjunction with rapidity gaps of this kind. These data are quite 
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suggestive of pomeron exchange. In addition, the DO experiment has reported [|T2 



on a 



search for jet production with rapidity gaps between the jets; their data are suggestive of 
the presence of such gaps. CDF has also found evidence for such gaps. 

The outhne of this paper is as follows. In Sect. |I| we explain the processes that are of 
interest. In Sect. ^ we give the formulae for the cross sections for these processes within 
the Ingelman-Schlein model, and in Sect. |^ we show how to use them to measure the 
parton densities in the pomeron. In Sect. |V] we show how measurements can also be made 
with present detectors using a rapidity gap signature. Then in Sect. ^ we summarize the 
consequences of the CFS |Q result for our fitting program. Some remarks on experimental 

vrn. 



details are given in Sect 
investigated. 



In Sect. IVII4 we summarize the processes that should be 



II. THE PROCESSES 

We consider the following types of processes: 

1. Diffractive deep inelastic e-p scattering: e + p^e + X + p. 

2. Diffractive deep inelastic e-p scattering, with the measurement of jetsQ in the final 
state, e.g., e + p^e + Ji + J2 + X+p. 

3. Diffractive photoproduction of jets, with the jets being produced by the direct photon 
process: + p ^ Ji + J2 + X + p. 

4. Diffractive photoproduction of jets via a resolved photon process, i.e., one with a 
photon remnant jet (a photon beam jet). 

5. Diffractive hadropro duct ion of one or more jets: p + p—>-Ji + ...+X + p. 

6. Other hard diffractive scattering in hadron-hadron collisions, e.g., production of the W 
or the Z: p + p —>■ W/Z + X + p, and production of direct photons at large transverse 
momentum: p + p—>-'~f + X+p. 

In each of these processes we can allow for different numbers of jets than those explicitly 
indicated. In each case the explicit final-state p (or p) is a small angle diffracted proton (or 
anti-proton) that carries ^ 95% of the momentum of the incident p (or p). The generalization 
in which the diffracted particle is replaced by a low-mass inelastically diffracted state will 
be discussed in Sect. |V[ 

For the sake of definiteness, the following discussion of the kinematics will be presented 
for the case of hadron-hadron scattering. Only minor changes are required for the other 
processes. 

In terms of the momenta pi and p2 of the incoming hadrons, the diffracted hadron's 
momentum is 



By 'jet', we will generally mean a jet that originates from the hard scattering, rather than a 
beam jet. 
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T>2' = (1 - a;p) V2 + ePi + Vt > 



(1) 



with xp -C 1 denoting the fraction of the diffracted hadron's momentum transferred by the 
exchanged pomeron to the rest of the final state, and denoting the transverse momentum 
of the diffracted hadron. The quantity e is very small and the square of the 

invariant momentum transfer is 

t = {P2-P2f = -{\PT? + 4^2')/(l - X^) ^ -\PT? . (2) 

For pomeron exchange to dominate, it is generally assumed that one needs 

xp < 0.05 . (3) 

Our definition of the pomeron is essentially kinematic: it is whatever exchanged object 
gives the dominant behavior at small xp = 1 — x, where x = /p2^ is the fraction (a; 1) 
of the large light-cone momentum kept by the diffracted hadron.0 This is equivalent to 
defining the pomeron as the mechanism that produces rapidity gaps, since energy-momentum 
conservation implies a substantial rapidity gap ln(l/xp)) between the diffracted hadron 
and the rest of the final state whenever xp is small. 

Obvious graphs that should give leading twist contributions to these processes are illus- 
trated in Fig. |I|. In each case, we show a typical lowest order graph for the hard scattering 
{e.g.^ partons making jets), together with the pomeron exchange. These graphs represent 
the Ingelman-Schlein model, and the question we wish to suggest be experimentally studied 
is whether the quantitative phenomenology represented by that model is in fact correct. 



III. INGELMAN-SCHLEIN MODEL 

A. Jets in difFractive hadron-hadron scattering 

Within the Ingelman-Schlein model, the cross section for diffractive jet production in 
hadron-hadron collisions is 

dtdx^ lovr ^ J xp 

^ fa/A{Xa\^J) fb/¥{xb/x¥,t\^)a{a + h ^ Jl + . . .) . (4) 

Here, /i is the usual renormalization and factorization scale, which we will assume to be in 
the MS scheme, /6/p(x;,/xp) is the parton density in the pomeron, fa/A{.Xa) is the parton 
density in the non-diffracted hadron A, and a is the usual hard scattering cross section. The 
last two quantities are identical to the corresponding quantities used in hard non- diffractive 



^ We define light-cone coordinates for any vector V^^ by = {V^ it V'^)/\/2 and V'^ = {V^ , V^) 
in a frame in which the incoming particle pi is moving in the —z direction and p2 is moving in the 
+z direction. See App. ^ for more details. Our z axis is the same as in ZEUS, when p2 is the 
proton. 
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scattering, so we consider them known. The hard scattering cross section can be differential 
in the jet variables, or integrated over a suitable range. It can be applied to any desired 
number of explicitly detected jets. 

A tricky point is the normalization. In view of the significance of the test of the mo- 
mentum sum rule for the parton densities in the pomeron, this is important to get correct. 
Unfortunately there is controversy on the issue. In Eq. (^, we have used^the normalization 
factor from , but have introduced a constant to allow for the possibility of a change. 
In any case, the idea is that the exchanged pomeron is to be thought of as lying on a Regge 
trajectory, and thus is an analytic continuation from particle poles in the region of t > 0. 
The existence of a momentum sum rule for a real particle is unambiguous; the controversy 
is about the treatment of the analytic continuation. 

Ingelman and Schlein [0 would set 

A^ = 1 (Ingelman and Schlein). (5) 
Their argument relies on a formula given by Field and Fox [1^ for the pomeron-proton total 



cross section. This formula, in effect, defines what a properly normalized pomeron state 
would be. The same formula for the pomeron-proton cross section is given, for example, by 



Kaidalov W^, and we believe it is to be regarded as the accepted formula in Regge theory. 



Landshoff [15] argues that a more appropriate normalization would be one that works if 
the pomeron exchange is replaced by a photon. His argument leads to 

2 

N = — (Donnachie and Landshoff). (6) 

TT 

We have another argument for the incorrectness of Eq. (^) . We argue that we should also 
be able to apply the Regge formula for diffraction when the exchanged pomeron is replaced 
by a Regge trajectory on which there is a massless spin-0 particle. As we explain in App. 
0, the normalizations are unambiguous and appear to give disagreement with the standard 



Regge formulae |jT8|,|T9|. 



At this point we find ourselves unable to resolve the disagreements. The cross section 



formulae in [0,0 are given without proof, as if they are obvious; but we find the proof far 
from obvious. In any event, the normalization factor A^ is common to all the formulae for 
diffractive scattering. 

We now return to the physics that is unaffected by the normalization constant, which is 
everything but the momentum sum rule. The Ingelman-Schlein picture (Eq. (^)) assumes 
dominance by single pomeron exchange, which is a useful phenomenological approximation in 
other applications of pomeron physics [|T],|T^,I3|. It also assumes the validity of factorization 



for hard scattering in pomeron-hadron collisions — the notion we wish to test. 

The coupling (3Bw{t) of the pomeron to the diffracted hadron, and the pomeron trajectory 
ap(t), can be obtained by fits to the elastic cross section at small —t: 



dt IGtt \sq 



This represents a change from the preprint version of the paper. 
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The pomeron coupling and its intercept also give total hadron-hadron cross sections: 

/ \ «p(0)-l 

a^AB) = /3ap(0)/?bp(0) i-\ , (8) 

where we have omitted a signature factor that is reasonably close to unity. 
With So = 1 GeV^ we can use 

PMt) = Mt) ^ 4.6 mb^/^ 6^-9 Gev-t^ (9) 

and 

ap(t) ~ 1.08 + 0.25 GeV-^t . (10) 

Then Eq. @ can be used to measure the parton densities in the pomeron — or at least 
one combination of them. The momentum of the outgoing diffracted hadron gives both 
xp and t. (A useful independent measure of xp = M'^/s can also be obtained from the 
diffractively produced state, for events in which the edge of the rapidity gap appears inside 
the detector — see App. ^) Measurement of the two jets allows one to reconstruct, to a 
first approximation, the kinematics of the parton-parton collision. In particular, it gives the 
momentum fraction Xh/xf of parton h relative to the pomeron. QCD radiative corrections 
can be allowed for in the usual fashion: one must only remember that the collision is to be 
treated as a pomeron-hadron collision, whose energy will vary from event to event. 



B. DifFractive deep inelastic scattering and photoproduction 

Diffractive hadroproduction of jets by itself is not sufficient to extract the flavor-separated 
parton densities. We need to use more processes. It is very well established [|l| from conven- 
tional Regge phenomenology that the pomeron is self-charge-conjugate and isoscalar. Thus 
the density of any flavor of anti-quark is equal to the density of the corresponding quark, 

fi/A^) = A/p(a;), (11) 

and the densities of the up and down quarks and antiquarks are all equal: 

fu/M = fd/¥{x) = fu/¥{x) = fd/M = fq/w{x). (12) 

To a good first approximation, there are therefore only two parton densities to measure: 
the gluon density /g/p and the quark density /^/p. The strange quark density fs/v = fs/v is 
probably less important, but it could be measured using charged-current charm production 
at HERA, just as the strange quark density in nucleons is measured by dimuon production 
in neutrino scattering. The other quarks (charm and bottom) are generally considered heavy 
enough that their densities can be correctly generated dynamically by evolution from the 
known light parton densities, at least to an accuracy that is sufficient for our purposes. 

Formulae similar to, but simpler than, Eq. (^ can be written for the diffractive deep 
inelastic structure functions and for the direct photoproduction of jets. If we measure the 
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deep inelastic structure functions Fi and F2 differentially in the momentum of the diffracted 
hadron, they can be expressed in terms of the structure functions Ff and for the pomeron: 



dt dxf 167r 
dt dxf IGvr 



|/5BF(t)|'xpl-2"-WF2P(x5,/xp,g) . (14) 



Note the different powers of xp in the above equations! The pomeron coupling and trajectory 
function are given by the expressions in Eqs. (|^) and (|Tnp. Ordinarily, the structure functions 
Fi and F2 are defined for totally inclusive deep inelastic scattering. But our diffractive cross 
section is actually semi-inclusive, so that there are extra structure functions. We explain 
these issues in App. ^ 

Similarly, for the direct photoproduction of jets we have 



rfa(7 + 5-> Ji + ...+p) 



dt dx¥ 



direct 167r 



X 

h 



— fb/¥{xb/xr, t; /i) (J (7 + 6 -> Ji + . . .)^j^^^^ . (15) 

Xp 



The formula for the resolved contribution to the photoproduction of jets is identical to 
that for hadroproduction, Eq. (^), with the parton densities in the hadron A replaced by 
the parton densities in the photon. 

It is also possible to consider the case where the photon is diffracted quasi-elastically into 
a p° meson, or to some other low mass state that carries ^ 90% of the original 7 momentum, 
with the corresponding pomeron undergoing hard scattering on the other incident particle. 
See pO| for some recent predictions. 



IV. MEASURING THE PARTON DENSITIES 

For the sake of definiteness, we consider diffractive deep inelastic scattering (DIS) and 
diffractive direct photoproduction of jets as the processes to measure the parton densities of 
the pomeron. We then treat the other processes of Sect. as providing a tests of factoriza- 
tion. This is reasonable, since the arguments against factorization apply at their strongest to 
hard diffraction in hadron-hadron collisions, and thus to production of jets both in diffractive 
hadron-hadron collisions and in diffractive resolved photoproduction. 

With flavor-separated parton densities for the pomeron, one can test the momentum 
sum-rule: 



1 

dxx fi/H{x) = 1, (16) 



as applied to the pomeron. In the case of parton densities in an ordinary hadron, this sum 
rule is a prediction (provided that a suitable definition of the parton densities is used, such 
as the MS definition). But it is by no means required that the sum rule hold for the parton 



densities in the pomeron [17,13,0]. The reason is that the proof of the momentum sum rule 
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Eq. ([T6|) requires one to take the expectation value of the energy-momentum tensor in the 
hadron state H. For the proof to apply to the pomeron, one would have to construct a 
quantum mechanical state for the exchanged pomeron in diffractive processes, and such a 
concept does not appear to exist. 

Deep inelastic electron-proton scattering primarily measures the quark distribution: 

F^{x)=xY,elM^) + 0{a,) 
10 2 

= -^xfq/^{x) + -x/,/p(x) + 0{as) . (17) 



The strange quark term in Eq. ([17|) is presumably substantially smaller than the up and 
down quark terms, and can be ignored in a first pass at a fit. However, the gluonic part of 
the 0{as) term is probably significant at small x^jx^. 

To measure the strange quark distribution, one could investigate the charged current 
process with the production either of muons or of charm in the current fragmentation region: 

e + p^ z/ + /i/D + X+p. (18) 

Muons would typically have come from charm decay, and charm production is mostly from 
scattering off strange quarks, in charged current events. 

Direct photoproduction of jets would be sensitive to both the quark and gluon densities. 
The version of Eq. (|T5|) that applies to this case is, schematically, 

ct(7 + p ^ jets -h X -hp) oc aemtts ( ^T^aj/g/p A^x/s/p 5x/3/p C(as 



direct \ y y 

(19) 

where A and B are known coefficients that carry the detailed kinematic dependence from 
the pomeron factors and the hard scattering coefficient a in Eq. (|T3]). The formulae for these 
coefficients are the same as for the same processes without the diffractive requirement. The 
photon does not have to be real: identical physics would be probed by DIS with an extra jet 
beyond the minimum current quark jet given by the parton model. The only penalty would 
be a loss of cross section. The simplest way to extract the parton densities in Eq. (^) would 
be to measure 2-jet cross sections, with the kinematics of the underlying photon-parton 
scattering being deduced by treating it as a 2 — »• 2 scattering. 

Hence the diffractive subsets of the two processes, DIS and direct photoproduction of 
jets, will measure the parton densities. The results of a fit can then be put into Eq. (^ 
to predict diffractive cross sections for other hard processes, in particular hadroproduction 
of jets and of W or Z bosons at the Tevatron, and diffractive resolved photoproduction 
of jets at HERA. They can also be used to calculate the cross section that UA8 ^ have 
measured. If the UA8 results are interpreted according to the CFS mechanism [Q, then 
a readily visible excess of events can be predicted at Xb/xf —>■ 1 for the hadron-hadron 
experiments relative to the DIS and direct photoproduction experiments. In any event the 
parton densities measured at HERA can be compared with those fitted by UA8 to their 
data, both in shape and in absolute normalization. 

A full quantitative analysis and fit for the parton densities in the pomeron would require 
the use of the higher order corrections to the formulae for the cross sections and structure 
functions, such as the 0{as) terms in Eq. (p^Tf ) and Eq. (0). These are standard known 
expressions. 
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V. RAPIDITY GAP SIGNATURE 



The ideal experimental signature of the pomeron for the purposes of deep inelastic physics 
in a colliding beam experiment involves observing a "quasi-elastically" scattered proton using 
a Roman Pot detector. These detectors should be located very close to the unscattered 
beam direction, because, in the region of pomeron-dominance, the quasi-elastic protons 
have longitudinal momenta 0.9 - 0.99 or more times the incident proton momentum, and 
transverse momenta ^ 1 GeV . It then follows by kinematics that there is a rapidity gap 
between the quasi-elastic proton and the rest of the event .Q 

Roman Pots have been added to the HERA detector ZEUS, but are not yet present in 
HI. They are also not present in either detector at the Tevatron, although CDF took some 
early data with pots, and has proposed adding new ones in an eventual upgrade. In all 
current experiments, there are several units of rapidity between the hadrons that can be 
detected by a Roman Pot detector and by the rest of the detector. 

Fortunately, much of the same physics can be probed using a rapidity gap signature alone. 
The gap signature is defined by a requirement that no final state particles are produced in 
a sufficiently long region in pseudorapidity that extends from the edge of the main detector 
toward its center. The data from |jTT| , pT| , together with standard pomeron phenomenology, 
suggest that "sufficiently long" can be read as "length ^ 3 units" of (pseudo-)rapidity. The 
gap signature (for a proton beam) allows a mixture of (1) single "quasi-elastic" protons, 
(2) low-mass diffractive excitations of the proton, and (3) moderately high mass diffractive 
excitations, whose mass is nevertheless low enough that the entire state misses the detector, 
to disappear in or close to the beam pipe. Diffractive events have already been observed 
using this technique at ZEUS fill and HI ||2T[| . 



Cases (2) and (3) correspond to replacing the lower pomeron-proton vertex in Fig. |I| by 
a diffractive excitation as in Fig. |[ The factor |/3Bp(t)P in Eq. (^) is replaced by a factor 
from ordinary soft diffraction: 

|/3sp(t)r^|/3Bp(t)r(l + A5(t)), (20) 

where the correction factor 1 + A can obtained from the ratio of diffractive to elastic scat- 
tering: 

dt = dt + ^^^'^^ • ^^^^ 



^ When the pomeron's momentum fraction Xf is very small, the resolution of the measurement 
of the proton's momentum may not be sufficient to get a good determination of xp. In that case, 
measurement of the other detected particles will serve to determine xp by the relation xp = M'j^ /s, 
a measurement which will be dominated by the particles close to the edge of the rapidity gap, and 
by particles with high transverse momentum — including the scattered electron in deep-inelastic 
events. The use of light-cone coordinates will facilitate this computation — see App. It should 
be emphasized that the scattered electron at HERA is often in a kinematic configuration that is 
completely analogous to the isolated proton in diffractive scattering, and that measurement of the 
rest of the final state has proved to be in practice an effective method to determine the quantity 
corresponding to xp. 
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The cross section we use here for single diffraction has an integral over the mass of the 
diffractively excited system (the lower group of final-state hadrons in Fig. ^). Thus the 
correction factor 1 + A will depend on the limit that is placed on this system. In the case 
of the rapidity gap signature, this limit is given by requiring that the hadrons be within the 
beam-hole of the detector. 

The use of (|20|) assumes the validity of Regge factorization in its simplest form for 
ordinary diffraction, elastic scattering and for hard diffractive scattering. Thus it predicts 
that the ratio of contributions from quasi-elastic scattering and diffractive excitation in 
rapidity gap events should be the same in DIS events as it is in low scattering with pure 
quasi-elastic scattering of the oppositely-directed beam particle. We can therefore use the 
CDF Roman Pot data on single diffraction to estimate what goes down the beam pipe 
in events with a gap trigger. Using CDF's parameterization of their data, we estimate the 
cross section for p + p ^ p + p* in which the p* has such a low invariant mass 6 GeV) 
that it would completely miss a detector confined to \ri\ < 4, to be approximately Smb. 
Meanwhile the integrated elastic cross section p + p^p + p is approximately 20 mb, so a 
rapidity gap trigger would correspond 87% of the time to a single p going down the beam 
pipe. 

The data on inelastic diffraction are actually somewhat inconsistent with regard to nor- 



malization [23|. This partly reflects differences in the kinematic ranges included by different 



experiments. More detailed analysis, with more data from modern colliders, is needed. Anal- 
ysis p4[ of diffractive data also does not give a pomeron trajectory identical to that obtained 
from data on total and elastic cross sections, so there may be significant contributions from 
multi-pomeron exchange. 

It will be important to compare the rapidity gap trigger with the pure quasi-elastic 
diffractive trigger, using the ZEUS Roman Pots. This will provide a "renormalization factor" 
that can be used to relate the two types of trigger in other experiments where only the 
rapidity gap method is available. The observed value of this factor, and the possibility 
that it may vary with the deep inelastic kinematic variables, or be different for a low px 
process such as quasi-elastic p° or J/ip production, will provide an interesting test of Regge 
factorization for the pomeron. 

Meanwhile, if Regge factorization is at least close to the truth, the "renormalization 
factor" will be somewhat less than unity, corresponding to small contributions from the 
inelastic p* states, so it should be possible to estimate the quasi-elastic diffractive cross 
sections rather accurately from data based on the rapidity-gap method. 

Whereas the measurement of a single diffracted hadron in the beam pipe allows one 
to measure a diffractive cross section that is differential in t, the rapidity gap signature 
allows only an integral over t to be measured. This is sufficient for a measurement of parton 
densities in the pomeron, although it does not give information on the interesting subject of 
the t-dependence. It is convenient in this regard that the relevant detectors (CDF, DO, HI, 
and ZEUS) have very similar kinematic coverage relative to the proton beam pipe: Parton 
densities measured by the gap method, which implicitly contain a weighted average over t, 
will be directly comparable, with small corrections. 

Significant Regge phenomenology would be required, however, to relate these measure- 
ments to those of UA8, who have a true quasi-elastic requirement with —t in the range of 
1 to 2 GeV^ . Normal soft -pomeron phenomenology cannot necessarily be applied at such 



10 



large For example, we observe that there is a substantial change in the behavior of the 
pp elastic cross section below and above — t 1 GeV^ |2^. Ordinary pomeron phenomenol- 



ogy works well only below this boundary. Above it, a Regge analysis is still appropriate 
{Pt V^)) but possibly the pomeron becomes more like the perturbative pomeron of 
BFKL |2^, than the conventional phenomenological soft pomeron. 

There is no fundamental requirement that the parton densities in the pomeron must 
be independent of t. But the strongest t dependence is presumably in PsFit), since that 
represents an elastic coupling. Any experimental information on the t-dependence would be 
welcome. [] It is also possible that the amount of the breakdown of factorization, if it occurs, 
is t-dependent. 



VI. NON-FACTORIZATION 



A. Delta-function terms 



CFS predict that there are non-factorizing leading twist terms in hard diffractive 
scattering, but only in certain processes. These terms behave kinematically as if the pomeron 
had a point-like component, like a photon. For example there should be such a term in 
diffractive jet production in hadron-hadron collisions, where it will appear as a peak in the 
cross section at Xf,/xp ~ 1. In the simplest approximation to the theory the term is a delta- 
function, proportional to 6{xb/xr> — 1). However, the strength of the delta- function is not 
universal between different processes. 

A simple way to look for the CFS mechanism is to reconstruct the values of the parton 
momentum fractions Xa and Xb/xp from the jet momenta in each event. On an event-by-event 
basis, the kinematic analysis should be done relative to the pomeron-proton center-of-mass 
frame, or by the use of light-cone coordinates. Then one would plot the cross section as a 
function of Xb/xp. If the CFS mechanism is valid, there should be a contribution peaked at 
Xb/xp ^ 1. 

A full analysis must recognize that the jets will be smeared out, compared to the situation 
at the parton level. Thus, as in the UA8 analysis [Q, either substantial unfolding is necessary, 
or the data and theory should only be compared after smearing the theory. Smearing by 
hadronization and detector resolution is much more noticeable for a delta-function than for 
a smooth function! Moreover, there will be a correction due to higher-order perturbative 
QCD corrections to the jet production, including production of 3 or more jets. A full analysis 
could best be done by proceeding from assumed parton densities, and including resolution, 
hadronization, higher order QCD, etc., to calculate a cross section to be compared with the 
data. One would then adjust the parton densities to fit the data. This analysis will of course 
have limited power to distinguish a genuine delta-function from a narrow peak, since the 
physical cross section will not display a true delta-function.^ 



^Compare in particular the recent work by Sotiropoulos and Sterman |27| concerning the t- 
dependence of elastic scattering. 



In fact, when perturbative QCD predicts a cross-section to have a delta-function, or some other 
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B. The 6 function is not exact 



It is only in the simplest approximation that the CFS coherent term is proportional to 
a delta-function at = xp. Higher order corrections are likely to smear it into something 
that is merely strongly peaked at x^ ~ xp. Experimental resolution and jet hadronization 
will smear it even more. The real experimental signatures are that diffractive jet production 
should be much larger as Xh — > xp than can be explained by anything but a density of 
partons in the pomeron that rises strongly in that region. CFS predict that any similar 
excess in DIS is higher twist, i.e., that in DIS the fraction of the coherent (or super-hard) 
events falls off as a power of Q as Q increases. 

The meaning of a delta-function in any calculation of a hard process is not that a physical 
cross section has the delta-function, but that the experimental and calculated cross sections 
should agree, up to higher-twist terms, only after they are both averaged with a smooth 
test function. That is, the theoretical prediction should be interpreted in the sense of 
distributions. (Compare Ref. [Q.) In our case that means that the actual prediction is 
simply that there is a substantial excess in a narrow range of Xb/xp close to 1 . 

C. Other non- factorization 

The CFS mechanism is a particularly clear example of the failure of the factorization 
theorem. In general, to prove p5|-p(][] the factorization theorem for a large-momentum- 
transfer process in hadron-hadron scattering, one must require that the cross section be 
inclusive. This requirement is violated by a diffractive condition on the final state. Besides 
the CFS term, there can be a general failure of the factorization theorem which would 
manifest itself in a failure of the universality of the parton densities: a simultaneous fit of 
parton densities to many processes would fail. 

The requirements of the final-state cancellation are much less stringent in deep inelastic 
scattering — see PJSm . So it is quite possible that the factorization theorem holds within that 
class of processes — more theoretical investigations are needed on this point. This restricted 
factorization theorem would be manifested by a universality of the parton densities within 
this subset of processes. Such processes include the diffractive components of Fi and F2 at 
different values of Q, and the production of various numbers of jets in DIS. (In jet production 
in DIS, one should require the jet(s) to have transverse momentum of order Q, rather 
than much larger than Q. Otherwise one can get something more like photoproduction, 
where factorization should fail, since photoproduction is just a special case of hadron-hadron 
scattering for the purposes of the factorization theorem.) 



singular behavior, the prediction should be interpreted in the sense of the theory of distributions 



see Sect. VI B 
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D. Process dependence 



The coherent term predicted by CFS is a contribution not present in the Ingelman- 
Schlein model, and is predicted to be quite different in different processes. Thus data for 
a suitable set of processes should not be consistently fit by a single set of parton densities, 
at least for the delta-function term. It is also not necessarily true that the continuum term 
in the parton densities is universal, or that the t-dependence of the delta-function term is 
similar to the continuum (Ingelman-Schlein) term. 

To understand the process-dependence, one must understand CFS's reasoning. They 
model the pomeron by two-gluon exchange as in Fig. ^. One of the gluons (the 'hard gluon') 
carries most of the longitudinal momentum of the pomeron and the other gluon is relatively 
soft, at least in terms of its longitudinal momentum. The soft gluon is to be regarded as 
exchanged between two oppositely moving gluons (or a gluon and a quark), and one of 
these gluons is the 'hard gluon' in the pomeron. Since a diffractive requirement has been 
imposed on the final state, the usual cancellation p8|-pO[1 of the effects of soft gluons, which 
is responsible for QCD factorization in inclusive processes, no longer occurs. 

Now a gluon only couples to color fields, so the corresponding graphs do not exist in 
DIS, where an incoming electron plays the role of the uppermost gluon in Fig. |^. Instead, 
in DIS, one must consider graphs like Fig. ^, as has been done by Donnachie and Landshoff 



31| and by Nikolaev and Zakharov ||3^. In order for the kinematics to correspond to the 
coherent pomeron term, we assume that the quark and anti-quark coming from the virtual 
photon have transverse momenta comparable to the virtuality Q of the photon. The quark 
and anti-quark thus give rise to jets to be associated with the hard scattering. Graphs 
like Fig. ^ exist and give an approximate delta-function, just like the graphs in diffractive 
hadroproduction. But since the second gluon of the pomeron attaches directly to the hard 
scattering, or to an out-going parton, the result is higher twist . That is, if one analyzes 
the cross section in terms of a continuum plus a delta-function term, then the delta-function 
falls off as a power of Q relative to the continuum. This is in contrast to the delta-function 
term in the hadroproduction of jets, which is predicted by CFS to scale. CFS note that the 
cross section calculated by Donnachie and Landshoff agrees with this observation. 



E. Systematics 

We summarize here the systematics of the predicted delta-function terms: 

1. In DIS and the direct photoproduction of jets, the delta-function term should be higher 
twist, i.e., it should die away as a power of Q or of jet transverse energy Et when one 
tries to make a scaling test. 

2. In hadroproduction of jets, the delta-function should be of leading twist: it will scale 
and should not fall off as a power of increasing jet E^. 

3. In W and Z production, there should be at most a small delta-function term when 
qt, the transverse momentum of the W/Z, is small. But as one increases qt, a jet will 
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appear. If one analyzes the process in terms of the kinematics of the W/Z plus jet(s) 
system, there should be a delta-function term which will scale.Q 

4. Resolved jet production in diffractive photoproduction should also have a leading- twist 
delta-function, at least if there is sufficient kinematic range to allow the process. 

How to determine experimentally whether some diffractive quantity is leading or higher twist 
is explained in Sect. [VII . 

In addition, there may be substantial t-dependence. The most reliable prediction of the 
coherent delta-function term is at sufficiently large |t| that the perturbative model is at least 
qualitatively valid. At low \t\ — an unambiguously non-perturbative region for the pomeron 
— one cannot trust the two-gluon exchange model. 

When a rapidity gap signature is used, there is an integral over the unmeasured value of 
the pomeron's momentum transfer. This integral is dominated by very low \t\ — certainly 
well below 1 GeV^. Hence one cannot necessarily expect perfect consistency between the jet 
production reported by UA8 and the jet production that would be measured by CDF 
and DO using a rapidity gap signature for pomeron exchange. The difference itself is an 
important probe of the space-time structure of the pomeron. Of course, a test of the CFS 
mechanism is that there should be consistency between the excess of events at large Xb/xp 
measured by UA8, and a similar excess that could be measured by CDF if Roman Pot 
detectors are reinstalled and used in a kinematic region corresponding to that of UA8. 

VII. CONSISTENCY CHECKS: SCALING TESTS 
A. Pomeron exchange 

To check that a measurement of a hard diffractive process is really associated with 
pomeron exchange, one must verify the Xp dependence. We are in effect defining the pomeron 
as whatever is responsible for the leading power behavior as xp ^ 0. For the name 'pomeron' 
to be appropriate, the intercept, ap(0), must be close to (or above) unity, the approximate 
value that appears in soft processes like the total cross section for hadron-hadron scattering. 

Diffractive cross sections go like da/dxp xp — s> 0, with fixed x^s and t. 

(Thus we are taking s — *■ oo.) This power law is roughly x^^ since ap ~ 1. However, if 
one makes a jet measurement at a given ^/s and E^, the cross sections in Eq. (H) etc., also 
have xp-dependence from the factor fb/p{xb/xf) of the parton density in the pomeron. As 
xp is decreased, Xb/xp increases, and the generally strong zero in a parton density for x — 1 
greatly reduces the cross section. Thus, even for pure pomeron exchange, one should not 
expect to see Xp^ behavior in the actual hard diffractive scattering cross section at fixed ^/s. 
The most reliable way to look for the Xp~^"' behavior is by a scaling test: increase s and 
decrease xp while keeping fixed xps, t and the definition of the hard scattering {e.g., the 



The reason for needing an extra jet in W/Z production to get the delta-function term is that 
the hard process without the jet is P + (; ^ W/Z. The only way to balance the baryon number is 
to emit a soft quark into the final state, which will be suppressed. 
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value of Et). When one uses a rapidity gap signature, the condition of fixing t is replaced 
by an integral over t. 

In the absence of a scaling test, one must analyze the data at each value of xp, using 
Eq. to obtain parton densities. The parton densities should then be consistent between 
different values of xp. If not, there is some contamination by exchange of Reggeons other 
than the pomeron. Alternatively, one could analyze the xp dependence of the cross section 
after factoring out an assumed or fitted factor for the cross section for pomeron-induced hard 
scattering. That factor could be, for example, everything to the right of Xp"^"' in Eq. d). 

To see the pomeron clearly, one should do this analysis over a range of xp that includes 
the transition between Reggeon and pomeron regions. An appropriate range might be 
0.85 < 1 — Xp < 0.98 . The range should include a definitely non-pomeron region, as 
well as the region nearest to xp = that one expects to be pomeron-dominated. 

The scaling test above ("Regge scaling") is easier to do for diffractive deep inelastic 
scattering. The diffractive structure functions are given by Eqs. ( [TB| ) and (0), and the 
Regge scaling test is to decrease Xbj and xp while holding and Xbj/xp fixed. This test 
can be done at fixed lepton-hadron center-of-mass energy, even though the ideal test is to 
vary s as well, since that avoids all questions about the ratio F1/F2. (Then one can keep y 
fixed, as well as and Xbj/xp.) 

One should also analyze the t dependence. For that purpose, parton densities in the 
pomeron are to be regarded as purely non-perturbative unknown quantities. As |t| increases, 
it is natural that the pomeron should become a smaller object, in analogy with the way a 
virtual photon becomes more point-like as Q increases. Therefore the parton densities 
could change very noticeably with t. Depending on the design of the Roman Pots, the 
measurements may go out to relatively large |t| by the standards of soft hadron-physics. If 
so, the t dependence of ap — see Eq. (|TD|) — will have to be measured when assessing the 
Xp- dependence. 

Notice that the UA8 experiment was sensitive to —t between 1 and 2GeV^, a range 
that is beyond the conventional range of fits to diffractive physics. It is therefore important 
to measure the pomeron-hadron coupling f5pp{t) at these values of t. That is, a program 
of new measurements of conventional diffractive and elastic physics is essential for the full 
implementation of our program. With the large ^/s available at the colliders, the kinematic 
region can go well beyond that available when diffractive physics was a common subject 
of experimental investigation. In particular, one can go to substantially larger —t, where 
perturbative methods for the pomeron may start to be applicable. This would be in the 
range up to a few GeV^. Along with measurements of single diffractive excitation, the 
program should include measurements of elastic scattering, where there has been interesting 
recent theoretical work, for example, by Sotiropoulos and Sterman ||27|| . 

As to the rapidity-gap method, the Regge predictions for making rapidity gaps in soft 
scattering need to be tested, since the analysis of the hard scattering depends on the appli- 
cability of standard Regge theory to low transverse momentum phenomena. 

With elastic diffraction, where the diffracted proton is detected (in a Roman Pot detec- 
tor), a further test of the Regge behavior can be made by also measuring the cross section 
when the diffracted proton is replaced by a hadron or hadrons in a different charge state. 
This only works with a suitable detector, of course. The Regge exchange that gives the 
diffraction can no longer have vacuum quantum numbers, so that it cannot be a pomeron. 
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In formulae like Eqs .(P and (J^), ap ~ 1 is replaced by a smaller value, for non- leading 
Reggeon exchange. 



B. Bjorken Scaling 

To verify that hard diffractive scattering is as we have described it, one must also verify 
that it obeys approximate Bjorken scaling. (Of course, QCD predicts logarithmic violations 
of Bjorken scaling for hard diffractive processes, just as for inclusive hard scattering. But 
the dominant issue here concerns the power law.) 

In the case of deep inelastic scattering, a test of Bjorken scaling involves varying Q^, 
while keeping x^j/xp, xp and t fixed. The diffractive structure functions in Eqs. (|l^) and 
(p!^) should be approximately constant. Fixing x^jx^ while varying is exactly the test of 
Bjorken scaling for deep inelastic scattering with the pomeron treated as the target. Fixing 
xp and t ensures that there are no confounding effects from the variation of the pomeron 
factors in Eqs. (|13D and (|14D. When one uses a rapidity gap signature, the condition of fixing 
t is again replaced by an integral over t. 

For the other processes, one makes the obvious generalizations. For example, consider 
diffractive jet production in hadron-hadron collisions. Bjorken scaling involves increasing 
the jet Ex while holding fixed the hard scattering scaling variables Xa and Xf,/p, and the 
pomeron variables xp and t. (Again, the condition of fixing t may be replaced by integrating 
over it.) The variables Xa and Xf,/xp are measured from two-jet production, by assuming 
parton-model kinematics in the pomeron-proton collision. The cross section in Eq. (1) will 
be proportional to \jE\. A cross section differential in E^^ da /dtdx^dEj-, would scale as 
1/E^. There will be the usual logarithmic violations of this scaling. This test necessarily 
involves varying the beam energy, or by bringing in more theory and using a fit of the 
diffractive parton densities. 



C. Combination 

One test that can be done at fixed s is to increase E'^ , while holding Xa and x^/xp fixed. 
This scaling limit has xp oc E'^. The cross-section da/dtdxp, integrated over a range of Et, 
will scale like 1/E^^ from a combination of Regge and Bjorken scaling. 

For DIS, the corresponding test has being increased with Xhj/xp fixed, and with xp, 
or equivalently Xhj, being increased in proportion to Q^. The diffractive structure functions 
in Eqs. (|T3|) and (0) should scale hke 

dtdXv ^ Q^»-' ^ > 

c^i^2""^(a:5„Q;t,xp) 1 

dtdxv °^g4ap-2' y^^) 

in this limit with xp oc js. The different powers of Q for and F^ reflect the different 



powers of xp in Eqs. (O) and (111) 
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VIII. SUMMARY OF PROCESSES TO BE MEASURED 



A. Hard Processes 

Here follows a list of the hard diffractive processes that need to be investigated: 

1. ep — i> eXp: diffractive DIS, as a function of Xbj, Q, xp, and t. 

2. The same with 2 or more jets of transverse momentum of order Q. 

3. 7p — > X + jets + p: diffractive photopro duct ion of jets, as function of prjet, Xf, and t; 
both direct and resolved processes. 

4. pp ^ p + jets + X: diffractive hadropro duct ion of jets. 

5. The same for W, Z and high-p^p production of prompt photons. 

6. 7 + p ^ p + jets + X: diffractive photoproduction of jets, with the photon being 
diffracted to a p-meson. 

7. The same with the p replaced by any other vector meson, e.g., u, 0, J/ip- 

8. All of the above with the diffracted hadron replaced by a system separated from the 
rest of the event by a rapidity gap. 

9. Any of the above with the diffracted hadron replaced by a hadron in a different charge 
state, so that the process cannot occur by pomeron exchange. Such processes should 
be suppressed by a power of l/xjp compared to processes where pomeron exchange is 
allowed. 

B. Soft Processes 

Here follows a list of soft diffractive processes that need to be further investigated in order 
to provide better quantitative information for the soft part of hard diffractive processes: 

1. Elastic hadron-hadron scattering is already well-known as a function of s and t. 

2. pp pp*: Single diffraction, as a function of s, t, and xp. Compare with the triple- 
Regge formalism. 

3. pp p*p*: Double diffraction, with p*, p* being systems of relatively low mass which 
will be separated by a rapidity gap. Compare with the triple-Regge formalism. 

4. All of the above, with the p replaced by a photon 7, and the diffracted p replaced by 
a vector meson (p, u, (f), J/ip). One can also do this for a large virtuality photon and 
for large t — see Ref. pO|] . 

5. Any of the above with the diffracted hadron replaced by a hadron in a different charge 
state, so that the process cannot occur by pomeron exchange. Such processes should 
be suppressed by a power of l/a;p compared to processes where pomeron exchange is 
allowed. 
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IX. CONCLUSIONS 



We have proposed a systematic investigation of hard diffractive scattering, with the 
unifying element being a measurement of the parton densities in the pomeron, as defined 
by the Ingelman-Schlein model. Since there is a prediction that this model should fail, the 
results of the measurements must have non-trivial implications for our understanding of 
non-perturbative QCD. (Even though the Ingelman-Schlein model may fail, the UA8 data 
show order-of-magnitude agreement with it when a reasonable ansatz is used for the parton 
densities. Thus the model is close enough to remain a useful basis for planning experiments.) 

By coordinating measurements between HERA and Fermilab, one can readily measure 
the flavor-separated quark and gluon densities, and then perform non-trivial tests of QCD 
factorization. Since the distributions of u, d, u and d quarks in the pomeron are equal, two 
processes suffice to make the measurement — say DIS and direct photoproduction of jets. 
Then other hard-scattering processes, e.g. hadroproduction of jets or oi W or Z bosons, 
with a diffractive requirement imposed, provide tests of the picture. 

In view of the possibility that factorization might hold for deep inelastic processes, while 
failing for other processes, one should perhaps attempt to treat diffractive DIS without 
and with the measurement of final-state jets as the basic processes to measure the parton 
densities in the pomeron. Since the diffractive requirement will reduce the effective center- 
of-mass energy, the transverse momenta of the jets may be so low as to make jet physics 
marginal. But it is worth trying this. There should be enough consistency requirements 
{e.g., in the Q dependence) to give a test of factorization within the DIS processes alone. 

The diffractive requirement can be imposed by Roman Pot ("quasi-elastic", "exclusive 
diffractive" condition) or by a simple rapidity gap requirement. The similar rapidity coverage 
of the four experiments CDF, DO, HI and ZEUS implies that rapidity gap measurements 
should be rather directly comparable between the different experiments. The data from UA8 
on diffractive jet production and from the other experiments with a rapidity gap condition 
indicates that there will be plenty of data, with rates on the order of 1% or higher of the 
event rate without the diffractive condition on the final state. 

The question of whether the pomeron is dominated by gluons or by quarks is an important 
issue that needs to be resolved by experiment, as is the issue of whether or not the momentum 
sum rule is valid. The measurements we propose will answer these questions. 

The t-dependence of the parton densities in the pomeron is also of considerable interest. 
It can only be probed using the Roman Pot technique. 

CFS 1^ predict that the Ingelman-Schlein picture will break down, in that there will 
be, in certain processes, an excess of events at x^/xp ~ 1. These should exhibit Bjorken 
scaling when the characteristic momentum of the hard scattering is increased. The excess 
should be present in hadroproduction of jets, and appears to have been observed by UA8 [§. 
In a process such as deep inelastic scattering or in the "direct" (as opposed to "resolved") 
component of jet photoproduction, the excess, if any, is predicted to be of higher twist, i.e., 
suppressed by a power of 1/Q {l/pr, in the case of photoproduction). The systematics of a 
breakdown of factorization in diffractive processes, as a function of the process and of the 
kinematic variables, in particular t, will provide important information on the space-time 
structure of the pomeron. 

Since part of the formulae for the cross sections involve conventional Regge theory, it 
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is important to test Regge theory further at the energies now available, particularly with 



regard to the rapidity gap cross sections p3ip4 



Another possible test of the Regge factorization could be made using two-jet production 
in double pomeron exchange (DPE) interactions at the Tevatron. This could be done using 
the rapidity-gap method. In the case of DO, signals in their forward and backward scintilla- 
tion counters have been required as a part of all triggers, thereby preventing triggering on 
DPE event. Those counters, and similar ones in CDF, could in fact be used in veto mode 
to trigger on DPE events |^. The CPS argument should also apply to jet production in 
DPE. 
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APPENDIX A: LIGHT-CONE COORDINATES 

In this appendix, we define light-cone coordinates. Then we show how they can be used 
to make measurements of, for example, the momentum of an exchanged pomeron from the 
hadronic final-state without observation of the diffracted proton. 

Consider the reaction shown in Fig. ^ where incoming particle p2 (traveling in the +z 
direction) emits a pomeron P which then interacts with particle pi (traveling in the —z 
direction). The diffracted particle p'2 emerges containing a high fraction x (^ 0.95) of the 
momentum of particle p2- The pomeron carries a momentum fraction xp = 1 — x. The 
direction of the +z axis is the same as in the ZEUS detector when particle p2 is the proton. 

One way of determining the momentum fraction of the pomeron (d la UA8) is to measure 
the momentum of the diffracted particle P2, using Roman Pot detectors. Currently, none 
of the collider detectors at the Tevatron are equipped with Roman Pot detectors. But this 
should be considered as an upgrade option. The ZEUS experiment recorded some data in 
1993 with some partially equipped Roman Pot detectors. 

It is also of interest to measure the cross section when the diffracted particle is replaced 
by a system of relatively low mass. 

Another determination of xp can be carried out by measuring the momenta of the other 
particles in the final-state. When these are expressed in light-cone coordinates, 

it is easy to show that there is a rapidity gap on the side of the detector towards which 
P2 travels (the +z direction). The computation of xp is dominated by the particles close 
to the edge of the rapidity gap and by particles of high transverse momentum, as we will 
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also show. The same method is already used to reconstruct the photon kinematics from the 
hadron final-state in electron-proton scattering |11,36 . 

The energy and z component of the momentum of each of the outgoing particles can 
be written 

4 = mj cosh yi, 

q- = mj sinhyi, (Al) 

where mj ^= '\/^f^~-r^77|^ is the transverse mass, and yi is the rapidity of the particle. We 
can define the following coordinates 



Qi 



<fi - q! t 



m; e 



V2 

g.^ = fe^g^^), (A2) 

which are called light-cone coordinates. When the mass of a particle is small compared with 
its transverse momentum, the rapidity is well approximated by the pseudorapidity r/,, which 
is determined directly from the polar angle 6: rj = — lntan(6'/2). So it is useful to consider 
the ?7-0 plot, which is shown in Fig. ^ for the hard diffractive production of 2 jets. 

As above, x is the fraction of the momentum taken by the outgoing particle pg. This is 
most conveniently defined in term of light-cone coordinates: 

X = 4. (A3) 

Then momentum conservation, p2 = P2 + Yl^li ~ Pi^ yields 

_ P2~^ - 



P2 + 



(A4) 



Since pi~^/p2~^ = 0{m^/s), we can neglect pi"*", except if the event is almost exactly elastic, 
which is not the case when there is a hard scattering. Hence 



fti > ^ > . (A5) 

For diffraction, we require x^ to be small. Then Eq. ( |A5|) shows that the rapidities of all the 
particles must be substantially less than the rapidity of the incoming proton p2. Hence 
we must have a rapidity gap, and to the extent that there are few particles of very low 
transverse momentum, this implies a gap in pseudorapidity, as we claimed earlier. It is 
important to have calorimetry coverage over as large a rapidity interval as possible in order 
to confirm the presence of this gap. 
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Moreover, only those particles with the largest and/or largest rapidity contribute 
significantly to the sum. Substituting pseudorapidity (r^j) for rapidity should result in 
a small error in the determination of xp. Hence, Eq. ( [A5| ) gives an effective method for the 
measurement of xp. Note that the lack of coverage in the detector on the side opposite to 
the diffracted hadron is irrelevant. 

In a typical "minimum-bias" final state, there is an approximately uniform distribution of 
hadrons in rj and in the non-gap region. Hence xp = 0{e~'^<^''p), where ?7gap is the difference 
between the (pseudo-)rapidity of the edge of the gap and the rapidity of the proton. For 
example, if r^gap = —3, Xf is less than or equal to .05. 



APPENDIX B: DIFFRACTIVE STRUCTURE FUNCTIONS 



The right-hand sides of ([T3| ) and (|l^) are, of course, written on the assumption that the 
Ingelman-Schlein model is valid. Within the model, structure functions in the pomeron are 
defined in exactly the same way as structure functions in the proton. 

One of our intentions is to test the Ingelman-Schlein model. So the diffractive structure 
functions iT'diffractivc ^Yie left-hand sides of these equations need to be defined. That is the 
purpose of this appendix. 

A diffractive DIS process is just semi- inclusive DIS, with the final state restricted to 
a particular kinematic region for the detected outgoing hadron. So there are actually five 
structure functions |^ , only four of which contribute to the unpolarized cross section. What 
we will show is that the cross section is almost certainly dominated by two of these, which 
in Kingsley's |^ conventions are like the usual Fi and F2. Kingsley's conventions are more 
convenient for our purposes than those of Meng et al. 



391. We write 
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where = p^ —p-q/q^ , and P'^ is component of the momentum of the outgoing diffracted 
hadron that is transverse to both p and q. In the diffractive limit, P'^ is the component 
of the momentum of the outgoing hadron that is transverse to the collision axis. We have 
written the scalar structure functions in terms of dimensionless structure functions. The first 
two structure functions have exactly the same form as for inclusive deep inelastic scattering. 
We have used symbols Vi to avoid confusion with the usual structure functions Pj. The fifth 
structure gives a zero contribution when contracted with the symmetric leptonic tensor in 
unpolarized scattering. 

Normal power counting for the hard scattering shows that each of the Vi scales in the 
Bjorken limit. This power counting applies before the more detailed arguments needed to 
get factorization are applied; it is really dimensional counting of powers of the large mass 
scale in the problem. Since there is a factor of a small transverse momentum with the V3 
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and V4 structure functions, they give a nonleading power when contracted with the leptonic 
tensor. So to a good approximation, only Vi and V2 contribute. 

When we contract with the leptonic tensor, the dependence on the variables Xbj and 
y = q ■ p/l ■ p is the same as in inclusive deep inelastic scattering. The cross section also 
depends on the variables t and xp of the diffracted hadron. By multiplying Vi and V2 by a 
factor we may therefore write the cross section as 



da 



dx dy dt df 



xy 



,dF[ 



difTractive 



dt dw 



y) 



^^diffractive 
dt dw 



(B2) 



This defines the diffractive structure functions in Eqs. (|T3D and (14) in terms of the y de- 
pendence of the cross section. Note that although we use the label "diffractive" on these 
structure functions, we do not mean to imply that they are due to diffraction (i.e., pomeron 
exchange). Rather the label only indicates that they are for a process and kinematic con- 
figuration that is appropriate for investigating diffraction. 



APPENDIX C: NORMALIZATION 

In this section we provide some arguments about the normalization of Eq. (^). We 
are considering inclusive cross sections for the process A + B X + B'. Elementary 
manipulations show that the cross section differential in the variables for B' is 

da{A + B + B') 1 1 . 

— ^ = ^ — discA^, (CI) 

dt dxf 32n'^s i 

where discA^ is the appropriate discontinuity of the amplitude shown in Fig. |^. We have 
made approximations valid for a;p <^ 1 and s ^ m^. 

To get a jet cross section, as in Eq. (^, one would restrict the integral over the final 
state X. But suppose first that one integrates over all X, to get the normal single diffractive 
cross section. Moreover, let us take the triple Regge limit: <^ Mx <^ s with t fixed. 
(Note that xp = Mjr/s.) Then the triple Regge formula for the cross section is 



da{A + B ^X + B') 



■\/3BAt)\' |e(«p(t))P4~'"'^*^ G'ppp(t) MO) MJ"'(°)-^ (C2) 



dt dxp IGn 
where we have used the normalizations of Ref. [ITB|. The signature factor 



J- _|_ p-MTCtp 

e(«p) = , (C3) 

sm Trap 

is close to i for the pomeron, which has even signature r = 1. 

To get a Pomeron-proton cross-section, one naturally would factor out the factors asso- 



ciated with the BFB' vertex. According to the result is 

atot(^P) = G„{t) MO) M^"'(°)-^ (C4) 

which is exactly the formula one would use for the total cross section for hadron-hadron 
scattering, with the triple-pomeron coupling Gppp(t) replacing a pomeron-hadron coupling. 
The formulae given by Kaidalov [0 are completely consistent with the above. 
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Now, in both [0 and [0, Eq. ( |C2| ) and Eq. ( |C^ ) are claimed to be valid when the 
pomeron exchanged with the B particle is replaced by any other Regge trajectory, as would 
be appropriate for a charge exchange process, for example. 

One could argue that the physical region for diffraction is a long way from any particle 
pole on the pomeron trajectory, and thus that it is quite ambiguous as to how to factor off 
the pomerons to go from Eq. (|C2| ) to Eq. (|C4|) . But suppose one has a theory with a massless 
scalar particle R. Then one can construct the same diffractive process as in Eq. ( |C2[ ) , but 
with quantum numbers for B and B' such that the leading term in the cross section has R 
exchange instead of pomeron exchange. Then Eq. (|(J2D is replaced by 



da{A + B^X + B') _ ^|;5^^^,(,)|2|^(^^(,))|2^;--«WG^^^(,)^^^(0)Mi-(°)-. 



dt dxp IGvr 



(C5) 



The Regge pole for R will be of even signature, and close to t = we can write 

aR(t) = a'^t. (C6) 
The signature factor will therefore have a pole at t = 0: 

- ^as t ^ 0. (C7) 

This pole is at the edge of the physical region for diffraction, so we may use the LSZ reduction 
method to obtain the cross section for AR scattering. First we obtain the discontinuity in 
Eq. (|CT|) from Eq. (|C5|) . Then for each of the two R exchanges, we have to remove the 
factor 1/t and the square root of the residue in BB' elastic scattering: 

M BB'^BB' = f3BRB'{tmMt))- (C8) 
The result is that the discontinuity at t = of the AR elastic scattering amplitude is 

discA<(t = 0,AR-^ AR) = s"p(o)G'^^p(o)/?^p(0), (C9) 
where Mx in Eq. ( p5| ) is now replaced by s. The corresponding total cross section is 

a,,,{AR) = ^s"'^°^"'G'w(0)/3ap(0). (CIO) 



This is in contradiction with Eq. (|C^), which is supposed to be valid generally, and not just 
for the pomeron-proton cross section. 
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FIGURES 
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FIG. 2. Regge diagram for hard diffractive DIS with low mass excitation of proton. 




FIG. 3. Example of low-order graph for model of Collins, Frankfurt and Strikman |^. 
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FIG. 5. Reaction used in definition of light-cone coordinates. 
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FIG. 6. T/-</> plot for the hard diffractive production of 2 jets. 
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FIG. 7. Diffractive scattering is given by this discontinuity of a six point function. 
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